Introduction {#S0001}
============

Peripheral nerve injury is a common disease that causes degeneration of axons and their myelin sheaths at the distal end of the injury site, which seriously affects the life quality of the patients.[@CIT0001] Unlike the central nervous system, the peripheral nervous system possesses regenerative capabilities. Neural regeneration is a complicated biological phenomenon involving many cell types, growth factors, and different components of extracellular matrix.[@CIT0002] Schwann cells are the main glial cells in peripheral nervous system, and they attach great importance to peripheral nerve regeneration.[@CIT0003],[@CIT0004] After sciatic nerve injury, a series of molecular and cellular events occur, which contribute to Wallerian degeneration: in brief, the myelin sheath of nerves is disintegrated to granular and amorphous debris that cut off the distal stump of transected nerve, then the myelin sheath is transformed into short segments, and phagocytosis of the myelin debris and axon fibers is mediated by the activated macrophages, resulting in the degeneration of nerve stumps.[@CIT0005] Schwann cells can dedifferentiate, proliferate, and migrate to the site of injury, together with macrophages to eliminate myelin fragments, forming a Büngner band, which provides a condition for axon regeneration.[@CIT0006] Although the peripheral nervous system can spontaneously regenerate to some extent, its functional recovery is usually not satisfactory, especially in the case of severe injury. Therefore, novel and effective drugs are needed to promote the proliferate and migration of Schwann cells and facilitate neural regeneration.

Belonging to the family of neurotrophins, nerve growth factor (NGF) is involved in the development and maintenance of peripheral nervous system and central nervous system.[@CIT0007],[@CIT0008] Many previous researches suggest the beneficial effects of NGF on the regeneration of peripheral nervous system.[@CIT0009]--[@CIT0013] For example, NGF can improve the structural and functional recovery after sciatic nerve injury in rats.[@CIT0012] Moreover, NGF overexpression markedly improves Schwann cells-mediated axon regeneration during peripheral nerve repair.[@CIT0013] Nevertheless, its upstream regulatory mechanism has not yet been clarified.

MicroRNA (miRNA), a small non-coding RNA, whose length is approximately 20--23 nucleotides, inhibits the translation process by binding to the 3ʹ-untranslated region (3ʹ-UTR) of mRNA. Many miRNAs are reported to regulate neuron development, degeneration, and regeneration.[@CIT0014],[@CIT0015] For example, miR-7 regulates neural stem cell migration and proliferation through targeting cdc42 and represses peripheral nerve repair.[@CIT0016] As one of the most conservative members of the miRNAs family, let-7 draws much attention for its role in modulating organ development, internal environment homeostasis, and tumorigenesis.[@CIT0017] Additionally, it is reported that let-7 participates in the regulation of neuron fate, affecting neuron degeneration and regeneration.[@CIT0018]--[@CIT0020] But the function of let-7 on the recovery of peripheral nerve injury is rarely reported.

Ulinastatin (UTI) is a serine protease inhibitor with a variety of biological activities, including antioxidant and anti-inflammatory activities, and is widely used to treat sepsis and pancreatitis.[@CIT0021],[@CIT0022] It is reported that UTI treatment can increase NGF and brain-derived neurotrophic factor expression, and prevent oligodendrocyte apoptosis.[@CIT0023] UTI also protects H9c2 cells from ischemia and hypoxia by inhibiting the NF-κB pathway, reducing inflammation, attenuating oxidative stress, and repressing apoptosis.[@CIT0024] However, the protective effect of UTI on peripheral nervous system remains unclear.

The main emphasis of this work lies in investigating the effects of UTI on peripheral nerves regeneration and functional recovery after peripheral nerve injury with a rat model of sciatic nerve injury. It was found that UTI remarkably suppressed let-7 expression and facilitated NGF expression. In vitro experiments showed that UTI enhanced the proliferation and migration of Schwann cells by modulating the let-7/NGF axis, alleviated the oxidative stress response, and thereby achieved its neuroprotective effect.

Materials and Methods {#S0002}
=====================

Animals and Treatments {#S0002-S2001}
----------------------

Adult male Sprague--Dawley rats (180--220 g, 5--6 weeks old) were randomly divided into three groups: the sham group (n = 10), the saline group (sciatic nerve injury model + intraperitoneal injection of equivalent saline, n = 10), and UTI group \[sciatic nerve injury model + intraperitoneal injection of UTI (80mg/kg/day for two consecutive weeks, n = 10)\]. Rats were reserved in an environment with plenty of food and water and a light and dark cycle of 12 h/12 h. All experiments were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals. The research protocol was endorsed by the Ethics Committee of Tongji Hospital.

To establish sciatic nerve injury model, firstly, the rats were anesthetized by intraperitoneal injection of a compound anesthetic (85 mg/kg acetaldehyde trihydrate monohydrate, 42 mg/kg magnesium sulfate, and 17 mg/kg sodium pentobarbital). After the left sciatic nerve was exposed, 1 cm long sciatic nerve was cut at the proximal site of the tibia and common peroneal nerve, followed by the suture of incision site. To reduce discomfort and possible mechanical stimuli, rats were housed in cages with sawdust-covered solid flooring after surgery. After 14 d, the rats were decapitated and the sciatic nerve (0.5 cm long) was obtained to prepare mRNA and protein samples.

Sciatic Nerve Function Index (SFI) {#S0002-S2002}
----------------------------------

SFI was employed to assess the function of the sciatic nerve according to a previous report.[@CIT0025] In brief, the hind paws of the rats were marked with black ink, and the rats (n = 4/group) were released to walk along a corridor of 6 × 60 square centimeters covered with white paper. Then, according to the footprints of rats on white paper, SFI = −38.3 \[EPL (experimental podogram length) − NPL (normal podogram length)\]/NPL + 109.5\[ETW (experimental toes width) − NTW (normal toes width)\]/NTW + 13.3\[EIT (experimental inter-toe distance) − NIT (normal inter-toe distance)\]/NIT − 8.8. An SFI value of −100 indicated complete loss of function, while an SFI value of 0 illustrated normal function.

Electrophysiological Analysis {#S0002-S2003}
-----------------------------

Compound muscle action potential (CMAP) was used to reflect the number and functional status of excitable cells. After anesthesia, the sciatic nerve was exposed and the nerve repair site was identified under a surgical microscope. A rubber dam was used to isolate the nerve repair area from the surrounding muscles. A bipolar electrode for stimulation was placed 10 mm proximal to the injury site of sciatic nerve. A recording electrode was placed in the gastrocnemius muscle to record CMAP peak amplitude and CMAP latency.

Cell Culture and Processing {#S0002-S2004}
---------------------------

Primary Schwann cells were isolated from the sciatic nerve of newborn 3- to 4-d-old newborn rats. To remove connective tissues and fibroblasts, the tissues were dissociated by incubating them in Dulbecco's modified eagle's medium (DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with 0.25% trypsin and 0.1% collagenase type A (Sigma, St Louis, MO, USA) for 20 min at 37°C. After that, the mixtures were centrifuged, placed onto tissue culture flasks pre-coated with poly-L-lysine (Sigma, St Louis, MO, USA) and then cultured in DMEM added with 4 mM glutamine (Sigma, St Louis, MO, USA), 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA), and 100 U/mL penicillin and 100 μg/mL streptomycin (Gibco, Carlsbad, CA, USA). 2 d later, 10^−5^ M cytosine arabinoside (Sigma, St Louis, MO, USA) was used to remove the contaminating fibroblasts. Then, the Schwann cells were further purified with anti-Thy1.1 monoclonal antibody and Low-Tox^®^-M rabbit complement (Cedarlane, Burlington, NC, USA). The collected Schwann cells were cultured in DMEM containing 10% FBS. To stimulate the Schwann cells growth, 5 μM forskolin and 4.1 μg/mL insulin (Sigma, St Louis, MO, USA) were added. The purified cells were then transplanted into a 6-well plate for 24 h. Conforming to the instructions, the Schwann cells were transfected with let-7 mimics, pcDNA3.1-NGF, let-7 inhibitors, NGF siRNA, and their corresponding controls (Ribobio, Guangzhou, China) using Lipofectamine^®^ 3000 reagent (Invitrogen, Carlsbad, CA, USA).

Schwann cells were treated with H~2~O~2~ to simulate oxidative damage. H~2~O~2~ stimulation group was cultured in DMEM containing 100 μmol/L H~2~O~2~ for 4 h. In the H~2~O~2~ + UTI treatment group, UTI (100 U/mL) treatment was supplemented 2 h before the addition of H~2~O~2~.

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) {#S0002-S2005}
----------------------------------------------------------

To detect mRNA expression of NGF, total RNA was extracted employing TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA was reversely transcribed into cDNA using Prime-Script RT reagent Kit (TaKaRa, Dalian, China). To determine let-7 expression, RNA was reversely transcribed utilizing the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) and Stem-Loop miRNA qPCR Primer (Hairui, Guangzhou, China) following the manufacturer's instructions. qRT-PCR was performed on an Applied Biosystems StepOne Real-time PCR System using SYBR Premix Ex Taq kit (TaKaRa, Dalian, China) according to the manufacturer's instructions. Each experiment is repeated three times. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and U6 were used as the internal references for NGF and let-7 miRNAs, respectively, and the relative expression was calculated employing the 2^−ΔΔCt^ method. The sequences of the NGF primers were listed as follows: forward: 5ʹ-CCAAGGACGCAGCTTTCTATC-3ʹ, reverse: 5ʹ-CTGTGTCAAGGGAATGCTGAAG-3ʹ; GAPDH primer: forward: 5ʹ-GGAGCGAGATCCCTCCAAAAT-3ʹ, reverse: 5ʹ-GGCT GTTGTCATACTTCTCATGG-3ʹ.

Western Blot {#S0002-S2006}
------------

Schwann cells and sciatic nerve were lysed with RIPA lysis buffer (Beyotime, Shanghai, China), and the quantity of the protein in the lysate was quantified using the BCA protein quantification kit (Beyotime Biotechnology, Shanghai, China). After loading buffer was added, the extracted protein was denatured in boiling water, and then the protein samples were separated by 10% SDS-PAGE and then transferred to a PVDF membrane (Millipore, Bedford, MA, USA). Then, these membranes were blocked with 5% skim milk at room temperature for 30 min, and primary antibodies, including anti-NGF (Abcam; 1:1000; ab6199), anti-myelin-associated glycoprotein (MAG) (Abcam; 1:1000; ab89780), anti-peripheral myelin protein-22 (PMP22) (Abcam; 1:1000; ab270400), anti-growth-associated protein-43 (GAP43) (Abcam; 1:1000; ab16053), anti-neurofilament 200 (NF200) (Abcam; 1:1000; ab134306), and anti-β-actin (Abcam 1:3000; ab8227) were added to incubate the membranes at 4°C overnight. The next day, after being washed twice with TBST, the membranes were incubated with the HRP-conjugated secondary antibody for 1 h at room temperature. The membrane was rinsed for 3 times before the protein bands were visualized with enhanced chemiluminescence solution (Thermo Fisher Scientific, Inc., Carlsbad, CA, USA) exposed on film.

Cell Proliferation Experiment {#S0002-S2007}
-----------------------------

Thymidine analog EdU (5-ethynyl-2ʹ-deoxyuridine) can be readily incorporated into DNA during synthesis and was used to detect Schwann cells proliferation. The cultured Schwann cells were suspended in medium and seeded at 1×10^5^ cells/well into a 96-well plate pre-coated with 0.01% polylysine. Schwann cells were incubated with 50 µM EdU solution (Ribobio, Guangzhou, China) for 12 h. Subsequently, cells were fixed with 4% paraformaldehyde and stained with Apollo staining solution and Hoechst 33,342 (Riboio, Guangzhou, China) for 30 min. Then, fluorescence microscopy (Leica, Bensheim, Germany) was used to observe the cells in 5 randomly selected visual fields, and then the ratio of EdU positive cells to total cells was calculated.

Cell Migration Experiment {#S0002-S2008}
-------------------------

The migration of Schwann cells was measured employing Transwell system (8μm pore size, Corning, Beijing, China) which was coated with a layer of fibronectin. A total of 100 μL of suspended Schwann cells (1×10^5^ cells/mL) was seeded into the upper chamber, and 600 μL medium was added to the lower chamber. After being incubated in an incubator for 24 h, Schwann cells in the upper chamber were wiped off, and Schwann cells passing through the membrane were fixed with formaldehyde solution and stained with 0.1% crystal violet solution. Finally, the cells were observed and counted utilizing an inverted microscope.

Luciferase Reporter Experiment {#S0002-S2009}
------------------------------

The NGF 3ʹ-UTR sequence was amplified from the genomic DNA by PCR and subcloned into the luciferase reporter vector downstream of the stop codon of the luciferase gene. Overlap PCR was used to construct a 3ʹ-UTR mutation reporter plasmid. The sequences of the wild-type and mutant 3ʹ-UTRs were confirmed by sequencing. A mixture of 30 ng reporter plasmids, 5 pmol miRNA mimic, and 5 ng plasmid carrying Renilla luciferase gene was co-transfected into HEK293T cells using Lipofectamine^®^ 3000 reagent (Invitrogen, Carlsbad, CA, USA). After 48 h of incubation, relative luciferase activity was analyzed according to the instructions Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA).

Lipid Peroxidation Determination {#S0002-S2010}
--------------------------------

Twenty-four hours after incubation with UTI, the malondialdehyde (MDA) level of Schwann cells in each group was measured to assess lipid peroxidation. Briefly, the MDA in the sample was reacted with thiobarbituric acid (Solarbio, Beijing, China) at high temperature (90--100°C). The MDA-TAB compound was then measured at 450 nm with a spectrophotometer.

Determination of Antioxidant Enzyme Activity {#S0002-S2011}
--------------------------------------------

Superoxide dismutase (SOD) and catalase (CAT) activities of Schwann cells in each group were detected 24 h after incubation with UTI to evaluate their antioxidant enzyme activities. SOD activity was examined by xanthine oxidase method (Solarbio, Beijing, China). Hydrogen peroxide method was applied to investigate the CAT activity (Solarbio, Beijing, China).

GSH Determination {#S0002-S2012}
-----------------

After 24 h of incubation with UTI, glutathione (GSH) level in Schwann cells was measured with GSH detection kit (Amersham Biosciences, USA) according to the protocol provided by the manufacturer.

Statistical Analysis {#S0002-S2013}
--------------------

All statistical analyses were performed using SPSS version 17.0 software (SPSS Inc., Chicago, IL, USA). All data were expressed as mean ± standard error of mean (SEM). Students' *t-*test was used for statistical analysis between groups. *P* \< 0.05 signified statistical significance.

Result {#S0003}
======

UTI Improved Motor Function Recovery of Rats from Sciatic Nerve Injury {#S0003-S2001}
----------------------------------------------------------------------

SFI was employed to assess the impact of UTI on the recovery of motor function of rats after sciatic nerve injury. The results revealed a gradual increase in SFI among the rats in the saline group, indicating a spontaneous recovery of motor function. In the meantime, the SFI of rats in the UTI group also gradually increased, and the SFI of the UTI treatment group was notably higher than that of the saline group ([Figure 1A](#F0001){ref-type="fig"}; n = 4/group). Furthermore, we used the CMAP to analyze the function of sciatic nerve after 14 d of sciatic nerve injury in rats. As was shown, UTI treatment increased the amplitude, but reduced the latency of CMAP ([Figure 1B](#F0001){ref-type="fig"} and [C](#F0001){ref-type="fig"}; n = 3/group). These data indicated that after sciatic nerve injury in rats, UTI treatment facilitated the regeneration of sciatic nerve and improved the functional recovery.Figure 1UTI accelerated function recovery of nerves after sciatic nerve injury. (**A**) SFI method was used to evaluate the function recovery after sciatic nerve injury, n = 4/group. (**B** and **C**) UTI treatment significantly affected the amplitude (**B**) and latency (**C**) of CMAP, n = 3/group. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001.**Abbreviations:** UTI, ulinastatin; SFI, sciatic functional index; CAMP, compound muscle action potential; Sham, sham group; Saline, saline-treated group; UTI, UTI-treated group.

UTI Was Beneficial for Myelinogenesis and Nerve Regeneration {#S0003-S2002}
------------------------------------------------------------

To probe the effect of UTI on myelinogenesis and nerve regeneration after sciatic nerve injury, Western blot was employed to detect changes in MAG and PMP22 expressions, the findings of which demonstrated that compared with the sham group, MAG and PMP22 expressions decreased in the saline group, indicating that the structure and function of the myelin sheath were injured; compared to saline group, UTI treatment promoted MAG and PMP22 expressions ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}; n = 3/group). Western blot also revealed that GAP43 expression in the saline group increased in comparison with the sham group after sciatic nerve injury, while it was lower than in UTI group; however, in contrast with the sham group, NF200 expression was remarkably reduced in the saline group, and NF200 expression was remarkably increased in UTI group compared with the saline group ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}; n=3/group). Based on these data, we inferred that UTI enhanced myelinogenesis and nerve regeneration after sciatic nerve injury.Figure 2UTI was beneficial for myelinogenesis and nerve regeneration after sciatic nerve injury. (**A**) and (**B**) MAG and PMP22 expressions were analyzed by Western blot, n = 3/group. (**C** and **D**) GAP43 and NF200 expressions were analyzed by Western blot, n = 3/group. \*\**P* \< 0.01, and \*\*\**P* \< 0.001.**Abbreviations:** MAG, myelin-associated glycoprotein; PMP22, peripheral myelin protein 22; GAP43, growth-associated protein 43; NF200, neurofilament 200; Sham, sham group; Saline, saline-treated group; UTI, UTI treated group.

The Expression of let-7 miRNAs Was Regulated by UTI {#S0003-S2003}
---------------------------------------------------

To explore the mechanism by which UTI ameliorated sciatic nerve injury in rats, the expression of let-7 miRNAs in sciatic nerve was detected using qRT-PCR, and the results revealed that compared with the sham group, let-7a, let-7d, let-7i, and miR-98 in the saline group were markedly up-regulated, let-7c and let-7f were remarkably down-regulated, and let-7b and let-7e expressions were not significantly affected ([Figure 3A](#F0003){ref-type="fig"}--[H](#F0003){ref-type="fig"}; n = 3/group). However, compared with the saline group, all of the eight members of the let-7 family were notably lower in the UTI group ([Figure 3A](#F0003){ref-type="fig"}--[H](#F0003){ref-type="fig"}; n = 3/group). The data implied that UTI attenuated peripheral nerve injury, and enhanced myelin sheath and nerve regeneration by regulating the expressions of let-7 miRNAs.Figure 3Expressions of let-7 family members in the sciatic nerve of rats after sciatic nerve injury. (**A**--**H**) qRT-PCR was used to detect the relative expression levels of eight members of let-7 family: (**A**) let-7a; (**B**) let-7b; (**C**) let-7c; (**D**) let-7d; (**E**) let-7e; (**F**) let-7f; (**G**) let-7i; (**H**) miR-98, n = 3/group. \**P* \< 0.05, and \*\*\**P* \< 0.001.**Abbreviations:** Sham, sham group; Saline, saline-treated group; UTI, UTI-treated group.

NGF Was a Target Gene of let-7 miRNAs {#S0003-S2004}
-------------------------------------

According to a previous report, let-7 miRNAs can target NGF.[@CIT0026] Consistently, this study demonstrated that the targeting relationship was predicted by TargetScan databases ([Figure 4A](#F0004){ref-type="fig"}). Dual-luciferase reporter assay showed that when wild-type NGF reporter and let-7d mimics were co-transfected into HEK293T cells, the luciferase activity was remarkably reduced, but let-7d mimics did not reduce the luciferase activity of mutant NGF reporter, which validated the binding site ([Figure 4B](#F0004){ref-type="fig"}). Then, we used qRT-PCR and Western blot to detect NGF mRNA and protein expressions in the sciatic nerve of rats from each group. The results revealed that in comparison with the sham group, NGF mRNA and protein expressions were remarkably increased in saline group and UTI group, and UTI induced a higher expression of NGF compared with saline ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}; n = 3/group). Additionally, the transfection of let-7 mimics into Schwann cells significantly reduced the expression of NGF ([Figure 5A](#F0005){ref-type="fig"}). Collectively, these results indicated that NGF was a target gene of let-7 in Schwann cells.Figure 4NGF was a target gene of let-7. (**A**)TargetScan databases was employed to predict the target sites between let-7 microRNAs and NGF, and NGF wild-type and mutant reporter vectors were constructed. (**B**) Dual-luciferase reporter gene experiments were used to verify the targeting relationship between let-7 and the 3ʹUTR of NGF. (**C**--**D**) qRT-PCR and Western blot were used to detect the expression levels of NGF mRNA and protein in the sciatic nerve of rats, n = 3/group. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001.**Abbreviations:** Wild type, wild type of NGF 3ʹUTR; mutant, mutant of NGF 3ʹUTR; NC, negative control; let-7, let-7 mimic; NGF, nerve growth factor; Sham, sham group; Saline, saline-treated group; UTI, UTI-treated group; ns, not significant.Figure 5Let-7 regulated the migration and proliferation of Schwann cells through NGF. (**A**) Let-7 mimics and pcDNA3.1-NGF were transfected into Schwann cells, and Western blot was used to detect the expression of NGF protein. (**B** and **C**) The migration (**B**) and proliferation (**C**) of Schwann cells were detected by Transwell assay and EdU assay respectively. (**D**) Let-7 inhibitors and NGF siRNA were transfected into Schwann cells, and Western blot was used to detect the expression of NGF protein. (**E** and **F**) The migration (**E**) and proliferation (**F**) of Schwann cells were detected by Transwell assay and EdU assay respectively. \*\**P* \< 0.01, and \*\*\**P* \< 0.001.**Abbreviation:** NGF, nerve growth factor.

Let-7 Regulated the Migration and Proliferation of Schwann Cells Through NGF {#S0003-S2005}
----------------------------------------------------------------------------

To further investigate whether let-7 regulated Schwann cells' migration and proliferation via NGF, let-7 mimics and pcDNA3.1-NGF were co-transfected into Schwann cells. Western blot revealed that let-7 observably reduced NGF protein expression, and co-transfection of pcDNA3.1-NGF restores the expression of NGF ([Figure 5A](#F0005){ref-type="fig"}). As was shown, compared with control group, the migration and proliferation of let-7 mimics-transfected Schwann cells were remarkably reduced, while co-transfection of pcDNA3.1-NGF into Schwann cells reversed the reduction in migration and proliferation ([Figure 5B](#F0005){ref-type="fig"} and [C](#F0005){ref-type="fig"}). Additionally, let-7 inhibitors and NGF siRNA were co-transfected into Schwann cells, and the result illustrated that let-7 inhibitors significantly up-regulated the expression of NGF, and co-transfection of NGF siRNA partly abolish this effect ([Figure 5D](#F0005){ref-type="fig"}). Furthermore, let-7 inhibitors facilitated SC migration and proliferation, while NGF siRNA reversed the increase in migration and proliferation ([Figure 5E](#F0005){ref-type="fig"} and [F](#F0005){ref-type="fig"}). The data further validated that NGF was a downstream target gene of let-7, and demonstrated that let-7 regulated the migration and proliferation of Schwann cells through NGF.

UTI Repressed Sciatic Nerve Injury-Induced Oxidative Stress {#S0003-S2006}
-----------------------------------------------------------

Oxidative stress is one of the main cause of nerve injury and has a negative effect on the recovery of nerve function after peripheral nerve injury. To investigate the effect of UTI on oxidative stress after sciatic nerve injury. Schwann cells treated with H~2~O~2~ were employed to establish oxidative injury model, which was evaluated by measuring MDA, SOD, GSH, and CAT levels in Schwann cells. The content of MDA in H~2~O~2~-treated Schwann cells was remarkably higher than that of control group, indicating that lipid peroxidation of Schwann cells was increased by H~2~O~2~; when the H~2~O~2~-treated Schwann cells were incubated with UTI, the MDA content decreased markedly, implying that UTI remarkably inhibited lipid peroxidation of Schwann cells ([Figure 6A](#F0006){ref-type="fig"}). Additionally, the MDA content in Schwann cells transfected with let-7 inhibitors was decreased, and the MDA content in Schwann cells transfected with NGF siRNA was increased remarkably ([Figure 6A](#F0006){ref-type="fig"}). SOD activity, CAT activity, and GSH level were also detected to evaluate the oxidative injury of Schwann cells induced by H~2~O~2~. The data indicated that H~2~O~2~ markedly reduced the SOD activity, CAT activity, and GSH expression level of Schwann cells; after H~2~O~2~-treated Schwann cells were incubated with UTI, SOD, CAT activity, and GSH expression levels were remarkably increased. Further analysis revealed that the SOD activity, CAT activity, and GSH expression level in Schwann cells after transfection of let-7 inhibitors were notably higher than those of control group; nonetheless, SOD activity, CAT activity, and GSH expression levels were remarkably repressed in NGF siRNA transfected cells ([Figure 6B](#F0006){ref-type="fig"}--[D](#F0006){ref-type="fig"}). Collectively, these results suggested that UTI repressed oxidative stress-induced lipid peroxidation and injury of Schwann cells, and this effect was mediated by let-7/NGF axis.Figure 6UTI repressed oxidative stress of Schwann cells induced by H~2~O~2~. MDA level (**A**), SOD activity (**B**), GSH level (**C**) and CAT activity (**D**) were detected with corresponding kit respectively after Schwann cells were incubated with H~2~O~2~. *\*P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001.**Abbreviations:** UTI, ulinastatin; si-NGF, NGF siRNA; MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione; CAT, catalase.

Discussion {#S0004}
==========

Peripheral nerve injury is considered as a global clinical problem, which is responsible for a huge medical and economic burden.[@CIT0027] Recently, many drugs and treatment strategies have been developed to improve the prognosis of peripheral nerve injury.[@CIT0028]--[@CIT0030] UTI inhibits polymorphonuclear leukocyte-derived elastase and pro-inflammatory cytokines including TNF-α, IL-1, IL-6, and IL-8; it also suppresses the activation of polymorphonuclear leukocyte, macrophages, and platelets, which mediates the injury of organs and tissues.[@CIT0031] In some countries, UTI is applied to the clinical treatment of shock and pancreatitis,[@CIT0031] and accumulating basic medical researches suggests that it is promising to protect the organs and tissues from multiple pathogenic factors.[@CIT0021]--[@CIT0024] In the current study, it was found that UTI remarkably increased the SFI and amplitude of CMAP, but reduced the latency of CMAP, suggesting UTI improved regeneration and functional recovery of sciatic nerve after injury. The data highlighted the therapeutic value of UTI as a neuroprotective drug for peripheral nerve repair.

It is well known that neuron proliferation and remyelination after sciatic nerve injury are essential processes for rebuilding the functional nerves that innervate their corresponding target tissues.[@CIT0032] In the present study, we evaluated the regulatory functions of UTI on the expression levels of nerve growth-related proteins (GAP43 and NF200) and myelin formation-related proteins (MAG and PMP22). GAP43 is a protein kinase C-activated phosphoprotein, which is involved in the regulation of axonal plasticity and regeneration.[@CIT0033],[@CIT0034] Neurofilaments are crucial in maintaining the structure and function of neurons, and disruption of neurofilament organization and expression or metabolism of neurofilament proteins is characteristic of neuropathy and nerve injury.[@CIT0035] MAG is a type I membrane protein and a member of the immunoglobulin superfamily; it participates in the maintenance of myelin sheath by functioning as adhesion molecule that mediates interactions between myelinating cells and neurons.[@CIT0036] PMP22 is mainly expressed by Schwann cells and takes part in the formation and maintenance of myelin sheath; importantly, PMP22 is crucial in protecting nerves from physical pressure, helping restore the structure after being pinched or squeezed.[@CIT0037],[@CIT0038] For example, isoquercitrin treatment significantly increases the production of GAP43, NF200, MAG, and PMP22, and promotes the nerve regeneration and remyelination.[@CIT0039] Our results revealed that UTI administration increased the expression of these markers, which suggested that UTI promoted the functional recovery of peripheral nerve by facilitating the axonal outgrowth and remyelination.

MiRNAs are involved in modulating a variety of biological processes.[@CIT0040],[@CIT0041] For example, miR-192-5p inhibition can up-regulate the expression of XIAP, decrease the apoptosis of neurons, and promote the recovery of sensory function and the neuronal recovery and regeneration in rats with sciatic nerve injury.[@CIT0042] A previous research shows that let-7 miRNAs are involved in regulating the repair process of the sciatic nerve.[@CIT0043] The present study investigated the expression of eight members of let-7 family (including let-7a, b, c, d, e, f, i, and miR-98) after sciatic nerve injury and UTI treatment in rats, and found that UTI remarkably repressed let-7 miRNAs expression. It is reported that let-7 inhibition promotes Schwann cells migration and axon outgrowth within a regenerative microenvironment by directly targeting NGF in vivo.[@CIT0026] It is reported that the proliferated Schwann cells not only secrete neurotrophic factors to promote nerve regeneration but also can migrate to the damaged site to promote regeneration of myelin sheath after peripheral nerve injury.[@CIT0026],[@CIT0044],[@CIT0045] The present study also investigated that whether let-7/NGF axis regulated the proliferation and migration of Schwann cells. Consistent with the previous report,[@CIT0026] it was demonstrated that inhibition of let-7 and NGF overexpression markedly enhanced the proliferation and migration of Schwann cells. Importantly, our data indicated that UTI treatment increased the expression of NGF in the sciatic nerve of rats. Collectively, the present work implied that UTI was beneficial to Schwann cells' function by modulating let-7/NGF axis after peripheral nerve injury.

Peripheral nerve injury is often accompanied by oxidative stress and inflammatory responses.[@CIT0046],[@CIT0047] Peripheral nerve injury induces the production of reactive oxygen species and nitric oxide in axotomized neurons; additionally, Schwann cells and macrophages express pro-inflammatory molecules such as interleukin IL-1β, IL-6, IL-12, TNF-α, TGF-β, and in turn contribute to injury of neurons.[@CIT0048],[@CIT0049] Research suggests that blocking oxidative stress can accelerate the repair process and facilitate functional recovery after peripheral nerve injury.[@CIT0050],[@CIT0051] In this research, H~2~O~2~ treatment was used to mimic oxidative stress to Schwann cells. The results suggested that UTI remarkably reduced the content of MDA and promoted the increase of activities of antioxidant SOD, CAT, and GSH. These data further revealed that UTI could probably ameliorate neuron injury and promote the regeneration of nerves by attenuating after oxidative stress.

In summary, this study indicates that UTI regulates let-7/NGF axis, and represses oxidative stress, which can promote myelinogenesis, nerve regeneration, and functional recovery of nerves after peripheral nerve injury. This work provides molecular regulation mechanism for UTI as a potential neuroprotective drug and clues for the treatment of peripheral nerve injury.
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